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With petroleum exploration and development expanding in the Arctic (AMAP, 2007) there is 
a need to obtain additional information on the ecotoxicology of Arctic organisms. Here we 
perform 192 hr laboratory exposure experiments on the keystone Arctic zooplankton species, 
Calanus finmarchicus. We trace the accumulation and depuration of two polycyclic aromatic 
hydrocarbons (PAHs): phenanthrene and benzo[a]pyrene (B[a]P) using 14C labeled PAH 
compounds. Copepods were not fed during the experiment, limiting uptake to diffusion 
processes alone. The lighter PAH compound, phenanthrene, accumulated rapidly in C. 
finmarchicus, reaching steady state within 96 h. The heavier PAH compound, B[a]P, 
accumulated more slowly and steady state was not reached within the 192 h exposure period. 
As expected, the bioconcentration factor (BCF) for B[a]P was higher than for phenanthrene in 
accordance with a higher octanol/water partition coefficient for B[a]P (log Kow = 6.04) 
compared to phenanthrene (log Kow = 4.53).  However, for both compounds, log BCF was 
lower than log Kow that may indicate active biotransformation and excretion of the selected 
PAH compounds. These findings on the bio-uptake kinetics for petroleum hydrocarbons are 
essential for evaluating the potential consequences of an oil spill in the Arctic. 
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The petroleum industry is expanding exploration and development activities northward into 2 
the European Arctic from the north Atlantic into Greenland, northern Norway and northwest 3 
Russia (AMAP, 2007). As development moves northward, the associated increase in 4 
operational and transport activities will lead to a higher risk of accidental releases of oil to the 5 
marine environment. In order to evaluate the potential environmental consequences of 6 
increased activities, there is a need for more information on responses of individual organisms 7 
exposed to petroleum hydrocarbon compounds. Such data is sparse for Arctic dwelling 8 
organisms (Chapman and Riddle, 2005; Olsen et al., 2007) and it remains unclear whether 9 
Arctic and temperate dwelling organisms accumulate and respond differently to petroleum 10 
compounds. More ecotoxicology investigations with cold-water dwelling organisms are 11 
required as a basis for the development of appropriate environmental protection guidelines for 12 
both routine operations and emergency response procedures. 13 
 14 
Crude oil is a complex mixture of chemical compounds, including alkanes, naphthenes, 15 
aromatic hydrocarbons (including polycyclic aromatic hydrocarbons (PAHs), and also non-16 
hydrocarbon compounds (Wauquier, 1995). Among these, PAHs are considered the most 17 
toxic (Hylland, 2006). PAHs are hydrophobic exhibiting log octanol/water partition 18 
coefficients (log Kow) ranging from 3.4 (e.g. naphthalene) to around 7 for the heavier 19 
compounds (e.g. indeno(1,2,3,cd)pyrene) (Mackay, 2006; Neff and Burns, 1996). Many 20 
authors have found a linear relationship between log Kow and log bioconcentration factor 21 
(BCF) (Hawker and Connell, 1986; Mackay, 1982; Veith et al., 1979) indicating that 22 
bioaccumulation is linked to hydrophobicity for a given PAH compound. However, several 23 
studies also show that lower bioavailability and higher metabolism of the heavier compounds 24 
may modify this linear relationship and the accumulation of the heavier compounds may be 25 
lower than expected (Baussant et al., 2001b; Southworth et al., 1980; Spacie et al., 1983; van 26 
Hattum et al., 1998). 27 
 28 
Hence the resulting effect on an organism exposed to crude oil may vary depending on the 29 
combination of an organism’s ability to bioaccumulate, metabolize and excrete these 30 
compounds. Vertebrates such as fish are generally able to metabolize and excrete PAHs 31 
(Spacie et al., 1983), while metabolism are known to vary considerably among invertebrate 32 
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species  (Livingstone, 1998). Several copepod species have been shown to accumulate PAHs 33 
(Berrojalbiz et al., 2009; Cailleaud et al., 2009a; Cailleaud et al., 2007; Carls et al., 2006; 34 
Duesterloh et al., 2002; Harris et al., 1977) but little is known on the uptake processes at low 35 
temperatures. 36 
 37 
An important link in the energy transfer from the lower to the higher trophic levels in the 38 
northern seas is the predominantly herbivorous copepods of the genus Calanus (Soreide et al., 39 
2008). Calanus copepods accumulate lipids during the short Arctic productivity season, 40 
surviving the winter by diapausing in deeper waters (Falk-Petersen et al., 2009). The Calanus 41 
species complex consists of three species (C. finmarchicus, C. glacialis and C. hyperboreus) 42 
in the northern Atlantic. The further north and deeper the Calanus species are found, the 43 
larger size, lipid reserves and longer life span they exhibit (Falk-Petersen et al., 2009). The 44 
species in focus here is C. finmarchicus, the smallest of the northern residing Calanus species.   45 
 46 
In this paper we report the uptake kinetics of two PAH compounds, i.e. phenanthrene and 47 
benzo[a]pyrene (B[a]P), in C. finmarchicus. Phenanthrene is a three ringed PAH with a log 48 
Kow of 4.53 and B[a]P is a five ringed PAH with a log Kow of 6.04 (Meador et al., 1995).  49 
Based on the distinct chemical characteristics of the two studied PAH compounds, we 50 
hypothesize that the more hydrophobic compound B[a]P will bioaccumulate to a greater 51 
degree than phenanthrene.  52 
 53 
Materials and methods 54 
 55 
The accumulation and depuration of phenanthrene and B[a]P was examined in stage V 56 
copepodites (CV) of Calanus finmarchicus using 14C labeled compounds during March 2009. 57 
Solutions of 9-14C phenanthrene (specific activity; 1.92 GBq mmol-1, purity 99.7 %, Moravek 58 
Biochemicals, Brea, CA, USA) and 7,10-14C Benzo[a]pyrene (B[a]P) (specific activity; 2.33 59 
GBq mmol-1, purity 99.2 %, GE healthcare UK, Buckinghamshire, UK) were prepared daily 60 
by mixing filtered sea water with labeled and unlabeled chemicals from prepared stock 61 
solutions. Our target exposure concentration was 2 µg l -1. For phenanthrene, the ratio 62 
labeled:unlabeled was 1:6.3, while for B[a]P the ratio was 1:3.7 labeled:unlabeled. These 63 
ratios, labeled:unlabeled, were used to calculate exposure concentrations in seawater and 64 
copepods over time. Copepod specimens were collected near Tromsø, Northern Norway 65 
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(69o46’N; 19o08’E) using a WP-3 net mounted with a closed cod-end. After collection, 66 
specimens were maintained in 25 l polypropylene containers with filtered sea water. Prior to 67 
the start of the experiments, containers with copepods were stored in a temperature controlled 68 
room at 2 °C in dimmed light.  69 
 70 
Experiments were run as semi-static exposures with copepods stored in 400 ml beakers. These 71 
were kept at 2 °C in dimmed light. The exposure phase lasted for 8 days (192 h) followed by a 72 
4 day (96 h) depuration phase. During the exposure phase, water solutions (filtered seawater + 73 
chemical compound) were exchanged daily. Similarly, during the depuration phase, filtered 74 
seawater was exchanged daily. The same beakers were used throughout each experiment to 75 
minimize chemical exchange to beaker walls, but changed on transition to depuration phase. 76 
In the phenanthrene experiment, the number of copepods in each beaker was 18-28 (n=5): in 77 
the B[a]P experiment, the number of copepods was 9-14 (n=4). Water samples were collected 78 
daily throughout the experiment. During the exposure phase, copepod samples were removed 79 
at the following time points: 0, 6, 12, 24, 96, 192 h. During the depuration phase, copepod 80 
samples were taken at 198, 204, 216 and 288 h from the start of the exposure experiment.   81 
 82 
The copepod samples were taken by sieving the animals onto a metal sieve, followed by 83 
rinsing in ammonium formate (CH5NO2, 24 g l-1) to remove salts and adhered compounds. 84 
The copepod samples were then transferred to glass vials with 600 (phenanthrene) or 300 85 
B[a]P µl tissue solubilizer (Soluene 350, Packard Instruments). Ten ml of scintillation 86 
cocktail (Ultima Gold, Packard Instruments) was added to each vial after 24 hours. After a 87 
short mixing the vials were stored at room temperature (20 °C). Within 1 month, the vials 88 
were placed in a liquid scintillation counter with quench correction (Tri-Carb 2900 TR, Perkin 89 
Elmer) and counted for 20 min or until 2 % sigma was achieved.  90 
 91 
To obtain the concentration of test solutions added daily to the experimental beakers, 5 ml of 92 
test solution was transferred to individual plastic vials and mixed with 5 ml scintillation 93 
cocktail (Insta-Gel Plus, Packard). These samples were counted concurrently with the 94 
copepod samples. 95 
 96 
Concentrations of phenanthrene and B[a]P in solution (µg l-1) and copepod (µg g-1lipid) 97 
samples were quantified from the count rates detected by the scintillation counter given as 98 




It is assumed that the lipophilic PAH compounds accumulate in the lipid sacs of copepods. 101 
Therefore, chemical concentrations in biological specimens are reported on a lipid weight 102 
basis (µg glipid-1) (Livingstone, 1998). In the present study, lipid weights were analyzed by 103 
Unilab AS, using three replicates of non-exposed copepods sorted out along with 104 
experimental specimens i.e. prior to each experiment. These were then used to report the 105 
phenanthrene and B[a]P concentrations obtained in the present study on a lipid normalized 106 
basis. 107 
 108 
Data analyses 109 
Analyses of the data were performed using Sigmaplot 10.0 and SPSS 16.0. To evaluate 110 
differences in the uptake of phenanthrene and B[a]P in C. finmarchicus, the derived lipid 111 
based concentrations of each compound were fitted by a first order kinetic model  (Landrum 112 








   
Equation (1) 114 
where Ca is the concentration of chemical substance (i.e. phenantherene or B[a]P) in the 115 
copepods (µg glipid-1), ku is the conditional uptake clearance rate (ml g-1 h-1), ke is the 116 
conditional depuration rate (h-1), Cw is the concentration of PAH in water (µg ml-1) and t is the 117 
time in (h). 118 
 119 
Depuration was followed for 96 h and the 120 
depuration rate (kd) was determined from 121 
 122 
  tkCC daa −=
0lnln    123 
 Equation (2)         124 
To test if steady state was reached within the accumulation phase of the experiments, tissue 125 
accumulations at times 48, 96 and 192 was compared by a one way ANOVA (Honkanen and 126 
Kukkonen, 2006).  127 
Bioaccumulation Factors (BCF) were calculated based on the model derived ku and either ke 128 
(phenanthrene) or kd (B[a]P) values, e.g. BCFku/ke(kd) =  ku /ke (kd), which is equivalent to the 129 
BCF at steady state. In addition, the BCF at 192 h, i.e. when accumulation was terminated, 130 
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was calculated as BCF192h= Ca(192h)/Cw. The 95 % confidence intervals for BCFs of 131 
phenanthrene and B[a]P was determined by a method developed by Bailer et al. (2000).  132 
Results 133 
 134 
Water concentrations 135 
In the phenanthrene experiment the measured average water concentration during the 136 
accumulation phase (day 1-8) was 1.9±0.05 (average ±SD) µg l-1 while for B[a]P the average 137 
concentration was 0.7±0.35 (average ±SD) µg l-1. The measured concentrations were based on 138 
radiolabel equivalents. In the depuration phase (96 h) less than 0.1 µg l-1 was measured in 139 
both treatments. Because the beakers in each treatment were changed at the beginning of the 140 
depuration phase, the source of the PAHs (less than 0.1 µg l-1) may be excretion from the 141 
copepods. 142 
 143 
Toxicokinetics of phenanthrene 144 
For phenanthrene the conditional uptake clearance coefficient (ku) was 324 ml g-1 h-1 and the 145 
conditional elimination clearance coefficient (ke) was 0.06 h-1 (Table 1). Steady state was 146 
reached within the exposure time (192 h) and the concentration in the copepods was 10.0 µg 147 
glipid-1. There was no significant difference between tissue levels of phenanthrene at times 48, 148 
96 and 192 (one way ANOVA, p>0.05) (Fig 1). The depuration rate (kd) was 0.0089, but this 149 
was not significantly different from 0 (t-test, p=0.12). Figure 1 shows accumulation and 150 
depuration data fitted in the toxicokinetic model for phenanthrene in Calanus finmarchicus 151 
using elimination rate ke and depuration rate kd, respectively.  152 
 153 
Toxicokinetics of B[a]P 154 
The accumulation of B[a]P differed from the accumulation of phenanthrene as the steady state 155 
was not reached within the 192 hr accumulation phase (one way ANOVA p<0.05) (see Figure 156 
2). The estimated uptake rate for B[a]P (201.5 ml g-1 h-1) was a little lower than estimated for 157 
phenanthrene but the toxicokinetic model derived elimination rate (ke) was much lower 158 
(2.1*10-11, Table 1). Thus, the model also support that steady state was not reached during the 159 
exposure time. The depuration rate (kd) was much higher than the estimated ke and differed 160 
significantly from 0 (t-test, p<0.0001).    161 
 162 
Bioaccumulation factors  163 
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The BCFku/ke of phenanthrene in Calanus finmarchicus was 5,326, approximately equal to 164 
BCF192 h (5,252) (Table 2). For B[a]P, the BCFku/kd was 43,219 compared to the BCF192 h of 165 
42741 (Table 2). The 95 % confidence interval determined for BCF of B[a]P was 166 
14,400<BCFB[a]P<207,500 and for phenanthrene the 95 % confidence interval was 167 
2,963<BCFphen<9,615.  168 
 169 
Discussion 170 
A two phase experiment (192 h exposure + 96 h depuration) was performed on non-feeding 171 
stage V copepods of Calanus finmarchicus, a keystone species of high latitude marine 172 
ecosystems. The experiment was designed to simulate overwintering adult C. finmarchicus 173 
populations exposed to hydrocarbon compounds. The study highlights factors controlling the 174 
passive partitioning of selected PAHs between biota and their surrounding aquatic 175 
environment. The study further provides valuable quantitative data contributing to evaluations 176 
of the possible consequences of accident scenarios in Arctic ecosystems. 177 
 178 
Uptake and depuration kinetics 179 
Considerably faster uptake and depuration kinetics was observed for the lower molecular 180 
weight PAH (phenanthrene, molecular weight = 178.2) compared to the higher molecular 181 
weight PAH (B[a]P, molecular weight = 252.3). A first-order toxicokinetic model described 182 
the accumulation of phenanthrene relatively well and predicted the steady state 183 
bioconcentration factor to be over 5000. The depuration rate determined from the tissue 184 
concentrations of phenanthrene was not significant. In part, this may be explained by the large 185 
variation found in the measured concentrations of phenanthrene (Figure 1). On the contrary, 186 
steady state was not reached for B[a]P and the measured tissue concentrations fitted by the 187 
toxicokinetic model showed a continuous increase in the of concentration of B[a]P in C. 188 
finmarchicus over time. The depuration data, however, showed some excretion of B[a]P from 189 
the copepod tissues. Lipid normalized tissue concentration of B[a]P at the end of exposure 190 
phase was approximately 30 µg g lipid-1. Our finding of relatively slow kinetics and thus the 191 
comparable long time to reach equilibrium for Calanus finmarchicus exposed to higher 192 
molecular weight compounds is in agreement with previous investigations of other aquatic 193 
organisms. For example, PAH exposure studies performed on oligochaetes resulted in slow 194 
uptake kinetics for compounds with log Kow > 5.6 (Ingersoll et al., 2003; Leppanen and 195 
Kukkonen, 2000; Van Hoof et al., 2001). Lower metabolism and excretion rates for higher log 196 
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Kow PAHs has been identified as two key factors leading to the observed difference in uptake 197 
kinetics between high and low molecular weight compounds. Cailleaud et al. (2009) also 198 
reported higher total uptake and lower depuration rates for higher log Kow PAHs for the 199 
copepod Eurytemora affinis. However, it is not clear whether equilibrium was achieved in the 200 
study.  We conclude that the kinetics governing the uptake and depuration of PAHs for C. 201 
finmarchicus is in accordance with the general understanding of these processes for marine 202 
organisms.  203 
 204 
Bioaccumulation factors 205 
The log bioaccumulation factors (log BCF192h and log BCFku/ke) obtained for Calanus 206 
finmarchicus exposed to phenanthrene and B[a]P are about 20 % lower than their respective 207 
log Kow values (Table 2). However, we would expect a linear 1:1 relationship between lipid 208 
based log BCF and log Kow when uptake and elimination of chemical compounds is governed 209 
by passive partitioning alone (Hoekstra et al., 2002; Mackay, 1982). General explanations to 210 
account for the observed deviations from a 1:1 relationship are: insufficient time to achieve 211 
equilibrium, overestimated bioavailability of chemical compounds (Landrum, 1989; van 212 
Hattum et al., 1998), active uptake via food items (Magnusson et al., 2007; Magnusson and 213 
Tiselius, 2010) and metabolism and excretion of compounds (Barron, 1990).  214 
 215 
Bioavailability of compounds 216 
Lower bioavailability has been identified as a factor leading to lower log BCF values 217 
compared to log Kow values for high Kow compounds (Landrum, 1989; van Hattum et al., 218 
1998). Hydrophobic compounds such as B[a]P adsorb to surfaces such as the walls of 219 
experimental containers. Adsorption may lead to a relative reduction in the bioavailable 220 
fraction of B[a]P compared to phenanthrene. In the present experiment, initial concentrations 221 
of both phenanthrene and B[a]P were similar in the experimental containers. And there was 222 
no difference in the amount of chemical loss within the initial 24 h incubations for the two 223 
compounds (1-way ANOVA, p > 0.05). Bioavailability of high Kow PAHs relative to low Kow 224 
PAHs may also be lowered by the presence of particles in seawater as high Kow PAHs readily 225 
bind to particles (Means et al., 1980). To control for this factor, we used the same seawater in 226 
both exposure experiments. Furthermore, seawater used in both exposure experiments was 227 
filtered through 1 µm filters. Our finding of higher bioaccumulation in Calanus finmarchicus 228 
for B[a]P relative to phenanthrene over the 192 h exposure period is therefore not attributed to  229 
a relative difference in bioavailability for these two compounds. However, we cannot rule out 230 
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that the observed lower BCF values relative to Kow values for each compound is the result of 231 
sorption to the surfaces of the experimental containers. 232 
 233 
Active uptake via food items 234 
Previous studies have shown higher bioaccumulation of chemical compounds in fed versus 235 
unfed organisms but this may apply only for compounds which are not readily metabolized. 236 
Copepods are found to metabolize PAHs but not PCBs (Cailleaud et al., 2009b) and this may 237 
influence the active uptake via food. For example, Magnusson et al. (2007) examined the 238 
uptake of PCB in Calanus finmarchicus, obtaining log bioaccumulation factors (BAFs) 239 
exceeding their corresponding log Kow values. In contrast, the BAF determined for active but 240 
unfed copepods was lower than their corresponding log Kow (Magnusson et al., 2007). In a 241 
similar study of various PCB congeners, Magnusson and Tiselius (2010) observed higher 242 
bioaccumulation in fed organisms relative to passive partitioning in Acartia clausi. However, 243 
Berrojalbiz et al. (2009) observed no significant differences in BAF values between fed and 244 
unfed copepods exposed to various PAHs. These were short term exposure experiments 245 
lasting only 48 hours and the authors did not report whether equilibrium was achieved within 246 
the exposure period but fed and unfed copepods were exposed to the same concentrations of 247 
PAHs. An accumulation study showed that feeding reduced the accumulation of the readily 248 
metabolized B[a]P but increased accumulation of hexachlorobiphenyl (HCB) which Mysis 249 
relicta are not able to metabolize (Landrum et al., 1992a). Copepods may not respond like 250 
mysids but these studies highlight the importance of dietary exposure as a pathway for 251 
bioaccumulation in copepods. Feeding history should therefore be considered when 252 
comparing BCF values from different studies. As we did not include fed copepods in the 253 
experimental design, the BCF values obtained are a result of passive partitioning and 254 
represent levels expected in overwintering specimens. The corresponding accumulation in fed 255 
animals needs to be examined to establish if feeding status of exposed copepods explain the 256 
deviation from the 1:1 relationship between log BCF and log Kow.    257 
 258 
Metabolism and excretion of contaminants 259 
Metabolism and excretion may lead to the observed deviations between log BCF and log Kow 260 
based on the hydrophobicity model (Barron, 1990). PAH metabolism in copepods has been 261 
investigated in several PAH exposure studies carried out on different marine species. In a 262 
study of the copepod Paracartia grani Berrojalbiz et al. (2009) present evidence for PAH 263 
metabolism based on a PAH mass balance analysis in their experimental treatments. 264 
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Eurytemora affinis eliminates PAHs at a higher rate than they eliminate PCB congeners with 265 
similar Kow, suggesting that PAHs are actively metabolized (Cailleaud et al., 2009a) and 266 
earlier investigations indicate metabolism of naphthalene by Calanus helgolandicus (Corner 267 
et al., 1976; Harris et al., 1977). Metabolism and excretion of PAHs in invertebrates are 268 
presumably facilitated by the induction of cytochromes P450 enzymes (Rewitz et al., 2006). 269 
Induction of one P450 enzyme (CYP330A1) has been related to exposure to water soluble 270 
fraction of crude oil in C. finmarchicus (Hansen et al., 2009). However, further research is 271 
needed to reveal exact mechanisms involved in the metabolism and excretion of PAHs in 272 
copepods. In vertebrate species the comprehension of cytochromes P450 enzymes function is 273 
more complete. Studies on rainbow trout (Oncorhynchus mykiss) have shown that while 274 
B[a]P cause an induction of CYP1A enzyme activity, phenanthrene does not have that ability 275 
(Bols et al., 1999; Hawkins et al., 2002). However, when the CYP1A enzymes have been 276 
induced they do assist metabolism of phenanthrene in rainbow trout (Hawkins et al., 2002). 277 
The metabolism rate of B[a]P have been shown to be higher in the Brown Bullhead (Ictalurus 278 
nebulosus) compared to the metabolism rate of phenanthrene (Pangrekar et al., 1995). In the 279 
present study neither the metabolism of PAHs nor the presence of metabolites has been 280 
examined and whether copepod metabolism reassemble vertebrate metabolism still waits to 281 
be answered.  282 
 283 
According to the hydrophobicity model, higher log Kow compounds should produce higher log 284 
BCF values. While this continuous linear relationship is often seen in invertebrate species, 285 
e.g.  Daphnia pulex (Southworth et al., 1980) and Mytilus edulis (Baussant et al., 2001a), fish 286 
species often show lower than expected BCF of compounds with log Kow > 6 (Baussant et al., 287 
2001a; Southworth et al., 1980; Spacie et al., 1983). This deviation may be caused by lower 288 
bioavailability of higher log Kow compounds or a selected enhanced metabolism of the more 289 
hydrophobic substances. Hoekstra et al. (2002) examined bioaccumulation of an array of 290 
organochlorine (OCs) pollutants in the arctic Calanus species C. glacialis and C. hyperboreus 291 
by comparison of levels in the copepods and in water. While distribution of log BAFs of OCs 292 
with log Kow < 6 vs their respective log Kow values followed a linear regression, for the OCs 293 
with log Kow  > 6, a curvilinear model explained the distribution better. Hoekstra et al. (2002) 294 
explained this by overestimation of bioavailable OC concentrations as well as inaccurate 295 
octanol-water coefficients and insufficient time to reach equilibrium. In the present study of 296 
C. finmarchicus, the bioaccumulation of only two PAHs was assessed. Although this is not 297 
sufficient to evaluate if the bioaccumulation changes according to hydrophobicity within this 298 
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species, similar differences between log BCF and log Kow for phenanthrene and B[a]P (20 % 299 
difference, Table 2) indicate that this is not the case in our study.   300 
 301 
Relevance to Arctic O&G expansion 302 
Expansion into the Arctic by the petroleum industry calls for careful evaluation of the 303 
environmental risks and potential impacts of development activities for Arctic organisms and 304 
ecosystems. Arctic biota exhibit a number of unique features such as high and seasonally 305 
varying lipid contents and longer life spans that are important variables influencing the 306 
outcome of exposures to chemicals in their environment. Our study provides new information 307 
on the baseline bioaccumulation of two PAHs by one of the most important zooplankton 308 
species living south of the polar front in the Barents Sea: the lipid rich zooplankton species C. 309 
finmarchicus. The derived data are relevant to winter conditions, where C. finmarchicus is 310 
diapausing at deeper water depths, surviving with no food.  311 
 312 
The temporal evolution of crude oil weathering is a key factor to be considered when 313 
assessing the effect of an oil spill on impacted biological resources (National Research 314 
Council, 2003). In this study, we have documented the corresponding temporal changes in the 315 
accumulation of two important PAH compounds demonstrating that the bioaccumulation of 316 
the heavier PAH compound increases more slowly over time for C. finmarchicus with steady 317 
state achieved considerably later for this PAH compound..  318 
 319 
When examined in context with other studies, the evidence obtained through the present study 320 
suggests that C. finmarchicus, as well as other copepod species, are capable of metabolizing 321 
PAHs, leading to a lowering of the total PAH bioaccumulation in these organisms. As 322 
predicted from the difference in Kow values of the two PAHs, the BCF of B[a]P is higher than 323 
BCF for phenanthrene and we observe no preferential metabolism of B[a]P relative to 324 
phenanthrene. The difference in uptake kinetics between the two PAHs and the time needed 325 
to reach equilibrium with surrounding water masses may have implications for environmental 326 
risk assessment (ERA). These findings provide important baseline information to support 327 
analyses of the fate and behavior of crude oil in the event of an accidental release into the 328 
Arctic.  329 
 330 
The data obtained in the present study further helps to extend current risk assessment 331 
procedures to include bioaccumulation and critical body residue (CBR) in assessments of 332 
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biological impacts. The current basis of risk calculations relies on external concentrations, e.g 333 
LC50 values and PEC/PNEC ratios (Singsaas et al., 2008; Smit et al., 2008). As these toxicity 334 
metrics are less relevant for bioaccumulative chemicals, using internal concentrations to 335 
derive bioaccumulation and critical body residue (CBR) data are considered more relevant for 336 
estimating risk (Tamis et al., 2009). 337 
 338 
In the northern Atlantic, the primary production season is limited to late March to September 339 
(Wassmann et al., 1994), while in the Barents Sea, primary production extends from May to 340 
early September (Wassmann et al., 2006). Accumulation may be considerably higher during 341 
spring and summer, when C. finmarchicus is both actively feeding and developing large lipid 342 
reserves. Therefore, additional bioaccumulation studies are needed to assess the relationship 343 
between the timing of primary production on the diet of C. finmarchicus and its relationship 344 
to PAH bioaccumulation. 345 
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Table 1: Toxicokinetic variables for phenantherene and BaP in C. finmarchicus resulting from 352 
fitting the measured tissue residues (C14 equivalents) into the first-order kinetic model 353 
(Equation 1): (a) the elimination rate (ke) was estimated in the model; (b) the experimentally 354 
determined (kd) value was fitted in the model as a fixed parameter. Also half-lives were 355 
calculated similarly by using ke (T1/2= 0.693/ke ) and kd (T1/2= 0.693/kd).  356 
The reported chemical half lives in the copepod tissues were calculated by using estimated ke 357 
(T1/2= 0.693/ke) or experimentally defined kd (T1/2= 0.693/kd).  NA = not applicable for the 358 





(ml g-1 h-1±S.E) 






(a) ke estimated in the kinetic model  
  ke 
  
Phenanthrene 0.69 323.9±61.3 0.0608±0.0135 NA 11.4 
Benzo[a]pyrene  0.92 205.1±11.14 4.1*10-13±3.8*10-11 NA 1.7*10^-14 
(b)Measured kd fitted in the kinetic model 
  kd 
  
Phenanthrene 0.18 79.2±21.4 0.0089 ±0.0047 0.10 77.9 
Benzo[a]pyrene  0.79 354.4±104.2 0.0082 ±0.0051 0.68 84.5 
  360 
 361 
Table 2: Bioconcentration factors t 192 h (BCF192) and at steady state (BCFss) for Calanus 362 
finmarchicus exposed to phenanthrene and benzo[a]pyrene and the respective log values. For 363 
phenanthrene, the elimination rate (ke) and the corresponding ku value are used to calculate 364 
BCF at estimated steady state, while for B[a]P, the depuration rate (kd) and the corresponding 365 
ku value are used. The log octanol-water partitioning coefficient (log Kow) for both PAHs is 366 
given as well as the relative proportion between log BCF and log Kow.  367 
 368 









Phenanthrene 4.5 5,281 3.7 5,327 3.7 0.82 






Figure legends 372 
 373 
Figure 1: Lipid normalized accumulation of phenanthrene (14C equivalents) in Calanus 374 
finmarchicus. Solid circles are the measured accumulation over a 192 h experiment (n=5) and 375 
solid line represents the toxicokinetics model run. Dashed line show the toxicokinetics model 376 
run based on kd. Open circles refer to right y-axis and are concentration of phenanthrene in C. 377 
finmarchicus during depuration (ln(µg phenanthrene kg lipid-1)). Dashed & dot line is the 378 
linear regression (r2=0.10) of the depuration data. Please note that the y-axis differ between 379 
Figure 1 and 2.   380 
 381 
Figure 2: Lipid normalized accumulation of benzo[a]pyrene (14C equivalents) in Calanus 382 
finmarchicus. Solid squares are the measured accumulation over a 192 h experiment (n=4) 383 
and solid line represents the toxicokinetics model run. Dashed line show the toxicokinetics 384 
model run based on kd. Open circles refer to right y-axis and are concentration of B[a]P in C. 385 
finmarchicus during depuration (ln(µg B[a]P kg lipid-1)). Dashed & dot line is the linear 386 
regression (r2=0.68) of the depuration data. Please note that the y-axis differ between Figure 1 387 






Figure 1: 392 
393 
Time (h)














































Figure 2: 394 
395 
Time (h)









































AMAP, Arctic oil and gas 2007. Arctic Monitoring and Assessment Programme, Oslo, 2007, 398 
pp. 40. 399 
Bailer, A. J., Walker, S. E., Venis, K. J., 2000. Estimating and testing bioconcentration 400 
factors. Environ. Toxicol. Chem. 19, 2338-2340. 401 
Barron, M. G., 1990. Bioconcentration. Will water-borne organic chemicals accumulate in 402 
aquatic animals? Environ. Sci. Technol. 24, 1612-1618. 403 
Baussant, T., Sanni, S., Jonsson, G., Skadsheim, A., Borseth, J. F., 2001a. Bioaccumulation of 404 
Polycyclic Aromatic Compounds: 1. Bioconcentration in Two Marine Species and in 405 
Semipermeable Membrane Devices During Chronic Exposure to Dispersed Crude Oil. 406 
Environ. Toxicol. Chem. 20, 1175-1184. 407 
Baussant, T., Sanni, S., Skadsheim, A., Jonsson, G., Borseth, J. F., Gaudebert, B., 2001b. 408 
Bioaccumulation of polycyclic aromatic compounds: 2. Modeling, bioaccumulation in 409 
marine organisms chronically exposed to dispersed oil. Environ. Toxicol. Chem. 20, 410 
1185-1195. 411 
Berrojalbiz, N., Lacorte, S., Calbet, A., Saiz, E., Barata, C., Dachs, J., 2009. Accumulation 412 
and Cycling of Polycyclic Aromatic Hydrocarbons in Zooplankton. Environ. Sci. 413 
Technol. 43, 2295-2301. 414 
Bols, N. C., Schirmer, K., Joyce, E. M., Dixon, D. G., Greenberg, B. M., Whyte, J. J., 1999. 415 
Ability of Polycyclic Aromatic Hydrocarbons to Induce 7-Ethoxyresorufin-o-416 
deethylase Activity in a Trout Liver Cell Line. Ecotoxicol. Environ. Saf. 44, 118-128. 417 
Cailleaud, K., Budzinski, H., Le Menach, K., Souissi, S., Forget-Leray, J., 2009a. Uptake and 418 
elimination of hydrophobic organic contaminants in estuarine copepods: an 419 
experimental study. Environ. Toxicol. Chem. 28, 239-246. 420 
Cailleaud, K., Budzinski, H., Menach, K. L., Souissi, S., Forget-Leray, J., 2009b. Uptake and 421 
elimination of hydrophobic organic contaminants in estuarine copepods: An 422 
experimental study. Environ. Toxicol. Chem. 28, 239-246. 423 
Cailleaud, K., Forget-Leray, J., Souissi, S., Hilde, D., LeMenach, K., Budzinski, H., 2007. 424 
Seasonal variations of hydrophobic organic contaminant concentrations in the water-425 
column of the Seine Estuary and their transfer to a planktonic species Eurytemora 426 
affinis (Calanoida, copepoda). Part 1: PCBs and PAHs. Chemosphere. 70, 270-280. 427 
Carls, M. G., Short, J. W., Payne, J., 2006. Accumulation of polycyclic aromatic 428 
hydrocarbons by Neocalanus copepods in Port Valdez, Alaska. Mar. Pollut. Bull. 52, 429 
1480-1489. 430 
Chapman, P. M., Riddle, M. J., 2005. Polar marine toxicology - future research needs. Mar. 431 
Pollut. Bull. 50, 905-908. 432 
Corner, E. D. S., Harris, R. P., Kilvington, C. C., Ohara, S. C. M., 1976. Petroleum 433 
compounds in marine food web - short term experiments on fate of naphthalene in 434 
Calanus. J. Mar. Biol. Assoc. U.K. 56, 121-133. 435 
Duesterloh, S., Short, J. W., Barron, M. G., 2002. Photoenhanced toxicity of Weathered 436 
Alaska North Slope Crude Oil to the Calanoid Copepods Calanus Marshallae and 437 
Metridia Okhotensis. Environmental Science and Technology. 36, 3953-3959. 438 
Falk-Petersen, S., Mayzaud, P., Kattner, G., Sargent, J., 2009. Lipids and life strategy of 439 
Arctic Calanus. Mar. Biol. Res. 5, 18-39. 440 
Hansen, B. H., Nordtug, T., Altin, D., Booth, A., Hessen, K. M., Olsen, A. J., 2009. Gene 441 
Expression of GST and CYP330A1 in Lipid-Rich and Lipid-Poor Female Calanus 442 
finmarchicus (Copepoda: Crustacea) Exposed to Dispersed Oil. J. Toxicol. Env. 443 
Health Part A. 72, 131-139. 444 
19 
 
Harris, R. P., Berdugo, V., Ohara, S. C. M., Corner, E. D. S., 1977. Accumulation of 14C-1-445 
naphthalene by an oceanic and an estuarine copepod during long-term exposure to 446 
low-level concentrations Mar. Biol. 42, 187-195. 447 
Hawker, D. W., Connell, D. W., 1986. Bioconcentration of lipophilic compounds by some 448 
aquatic organisms. Ecotoxicol. Environ. Saf. 11, 184-197. 449 
Hawkins, S. A., Billiard, S. M., Tabash, S. P., Brown, R. S., Hodson, P. V., 2002. Altering 450 
cytochrome p4501a activity affects polycyclic aromatic hydrocarbon metabolism and 451 
toxicity in rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 21, 1845-452 
1853. 453 
Hoekstra, P. F., O'Hara, T. M., Teixeira, C., Backus, S., Fisk, A. T., Muir, D. C. G., 2002. 454 
Spatial trends and bioaccumulation of organochlorine pollutants in marine 455 
zooplankton from the Alaskan and Canadian Arctic. Environ. Toxicol. Chem. 21, 575-456 
583. 457 
Honkanen, J. O., Kukkonen, J. V. K., 2006. Environmental temperature changes uptake rate 458 
and bioconcentration factors of bisphenol a in tadpoles of Rana temporaria. Environ. 459 
Toxicol. Chem. 25, 2804-2808. 460 
Hylland, K., 2006. Polycyclic aromatic hydrocarbon (PAH) ecotoxicology in marine 461 
ecosystems. J. Toxicol. Env. Health Part A. 69, 109-123. 462 
Ingersoll, C. G., Brunson, E. L., Wang, N., Dwyer, E. J., Ankley, G. T., Mount, D. R., 463 
Huckins, J., Petty, J., Landrum, P. E., 2003. Uptake and depuration of nonionic 464 
organic contaminants from sediment by the oligochaete, Lumbriculus variegatus. 465 
Environ. Toxicol. Chem. 22, 872-885. 466 
Landrum, P. F., 1989. Bioavailability and toxicokinetics of polycyclic aromatic hydrocarbons 467 
sorbed to sediments for the amphipod Pontoporeia hoyi. Environ. Sci. Technol. 23, 468 
588-595. 469 
Landrum, P. F., Frez, W. A., Simmons, M. S., 1992a. The effect of food consumption on the 470 
toxicokinetics of benzo(a)pyrene and 2,2',4,4',5,5'-hexachlorobiphenyl in Mysis 471 
relicta. Chemosphere. 25, 397-415. 472 
Landrum, P. F., Lee, H., Lydy, M. J., 1992b. Toxicokinetics in aquatic systems - model 473 
comparisons and use in hazard assessment Environ. Toxicol. Chem. 11, 1709-1725. 474 
Leppanen, M. T., Kukkonen, J. V. K., 2000. Fate of sediment-associated pyrene and 475 
benzo(a)pyrene in the freshwater oligochaete Lumbriculus variegatus (Muller). Aquat. 476 
Toxicol. 49, 199-212. 477 
Livingstone, D. R., 1998. The fate of organic xenobiotics in aquatic ecosystems: quantitative 478 
and qualitative differences in biotransformation by invertebrates and fish. 479 
Comparative Biochemistry and Physiology a-Molecular and Integrative Physiology. 480 
120, 43-49. 481 
Mackay, D., 1982. Correlation of bioconcentration factors. Environ. Sci. Technol. 16, 274-482 
278. 483 
Mackay, D., 2006. Handbook of physical-chemical properties and environmental fate for 484 
organic chemicals. CRC/Taylor & Francis, Boca Raton, FL. 485 
Magnusson, K., Magnusson, M., Ostberg, P., Granberg, M., Tiselius, P., 2007. 486 
Bioaccumulation of C-14-PCB 101 and C-14-PBDE 99 in the marine planktonic 487 
copepod Calanus finmarchicus under different food regimes. Mar. Environ. Res. 63, 488 
67-81. 489 
Magnusson, K., Tiselius, P., 2010. The importance of uptake from food for the 490 
bioaccumulation of PCB and PBDE in the marine planktonic copepod Acartia clausi. 491 
Aquat. Toxicol. 98, 374-380. 492 
Meador, J., Stein, J., Reichert, W., Varanasi, U., Bioaccumulation of polycyclic aromatic 493 
hydrocarbons by marine organisms. In: G. Ware, (Ed.), Reviews of Environmental 494 
20 
 
Contamination and Toxicology, Vol. 143. Springer Verlag, New York, 1995, pp. 79-495 
166. 496 
Means, J. C., Wood, S. G., Hassett, J. J., Banwart, W. L., 1980. Sorption of polynuclear 497 
aromatic hydrocarbons by sediments and soils. Environ. Sci. Technol. 14, 1524-1528. 498 
National Research Council, U. S., Oil in the sea III: inputs, fates, and effects. National 499 
Academy of Sciences, Washington, 2003. 500 
Neff, J. M., Burns, W. A., 1996. Estimation of polycyclic aromatic hydrocarbon 501 
concentrations in the water column based on tissue residues in mussels and salmon: 502 
An equilibrium partitioning approach. Environ. Toxicol. Chem. 15, 2240-2253. 503 
Olsen, G. H., Carroll, M. L., Renaud, P. E., Ambrose, W. G., Olsson, R., Carroll, J., 2007. 504 
Benthic community response to petroleum-associated components in Arctic versus 505 
temperate marine sediments. Mar. Biol. 151, 2167-2176. 506 
Pangrekar, J., Kandaswami, C., Kole, P., Kumar, S., Sikka, H. C., 1995. Comparative 507 
metabolism of benzo(a)pyrene, chrysene and phenanthrene by Brown Bullhead liver 508 
microsomes. Mar. Environ. Res. 39, 51-55. 509 
Rewitz, K. F., Styrishave, B., Løbner-Olesen, A., Andersen, O., 2006. Marine invertebrate 510 
cytochrome P450: Emerging insights from vertebrate and insect analogies. 511 
Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology. 143, 512 
363-381. 513 
Singsaas, I., Rye, H., Frost, T. K., Smit, M. G. D., Garpestad, E., Skare, I., Bakke, K., Veiga, 514 
L. F., Buffagni, M., Folium, O.-A., Johnsen, S., Moltu, U.-E., Reed, M., 2008. 515 
Development of a risk-based environmental management tool for drilling discharges. 516 
Summary of a four-year project. Integr. Environ. Assess. Manage. 4, 171-176. 517 
Smit, M. G. D., Jak, R. G., Rye, H., Frost, T. K., Singsaas, I., Karman, C. C., 2008. 518 
Assessment of environmental risks from toxic and nontoxic stressors; A proposed 519 
concept for a risk-based management tool for offshore drilling discharges. Integr. 520 
Environ. Assess. Manage. 4, 177-183. 521 
Soreide, J. E., Falk-Petersen, S., Hegseth, E. N., Hop, H., Carroll, M. L., Hobson, K. A., 522 
Blachowiak-Samolyk, K., 2008. Seasonal feeding strategies of Calanus in the high-523 
Arctic Svalbard region. Deep-Sea Research Part II-Topical Studies in Oceanography. 524 
55, 2225-2244. 525 
Southworth, G. R., Keffer, C. C., Beauchamp, J. J., 1980. Potential and realized 526 
bioconcentration - a comparison of observed and predicted bioconcentration of 527 
azaarenes in the Fathead Minnow (Pimephales promelas). Environ. Sci. Technol. 14, 528 
1529-1531. 529 
Spacie, A., Landrum, P. F., Leversee, G. J., 1983. Uptake, depuration and biotransformation 530 
of anthracene and benzo(a)pyrene in Bluegill Sunfish. Ecotoxicol. Environ. Saf. 7, 531 
330-341. 532 
Tamis, J., de Vries, P., Karman, C., Risk assessment of bioaccumulative substances. Part II: 533 
Description of a model framework. Institute for Marine Resources and Ecosystem 534 
Studies, report C107b/09, Den Helsen, 2009, pp. 26. 535 
van Hattum, B., Pons, M. J. C., Montanes, J. F. C., 1998. Polycyclic aromatic hydrocarbons in 536 
freshwater isopods and field-partitioning between abiotic phases. Arch. Environ. 537 
Contam. Toxicol. 35, 257-267. 538 
Van Hoof, P. L., Kukkonen, J. V. K., Landrum, P. F., 2001. Impact of sediment manipulation 539 
on the bioaccumulation of polycyclic aromatic hydrocarbons from field-contaminated 540 




Veith, G. D., Defoe, D. L., Bergstedt, B. V., 1979. Measuring and estimating the 543 
bioconcentration factor of chemicals in fish. Journal of the Fisheries Research Board 544 
of Canada. 36, 1040-1048. 545 
Wassmann, P., Andreassen, I., Rey, F., 1994. Seasonal variation of nutrients and suspended 546 
biomass on a transect across Nordvestbanken, north Norwegian shelf, in 1994. Sarsia. 547 
84, 199-212. 548 
Wassmann, P., Reigstad, M., Haug, T., Rudels, B., Carroll, M. L., Hop, H., Gabrielsen, G. 549 
W., Falk-Petersen, S., Denisenko, S. G., Arashkevich, E., Slagstad, D., Pavlova, O., 550 
2006. Food webs and carbon flux in the Barents Sea. Prog. Oceanogr. 71, 232-287. 551 
Wauquier, J., 1995. Crude oil, petroleum products, process flowsheets. Éditions Technip, 552 
Paris. 553 
 554 
 555 
